A systematic study of different modes of electron heating in dual-frequency capacitively coupled radio frequency (CCRF) discharges is performed using a particle-in-cell simulation. Spatio-temporal distributions of the total excitation/ionization rates under variation of gas pressure, applied frequencies and gas species are discussed. Some results are compared qualitatively with an experiment (phase resolved optical emission spectroscopy) operated under conditions similar to a parameter set used in the simulation. Different modes of electron heating are identified and compared with α-and γ -mode operation of single-frequency CCRF discharges. In this context the frequency coupling and its relation to the ion density profile in the sheath are discussed and quantified. In light gases the ion density in the sheath is time modulated. This temporal modulation is well described by an analytical model and is found to affect the excitation dynamics via the frequency coupling. It is shown that the frequency coupling strongly affects the generation of beams of highly energetic electrons by the expanding sheath and field reversals caused by the collapsing sheath. The role of secondary electrons at intermediate and high pressures is clarified and the transition from α-to γ -mode operation is discussed. Depending on the gas and the corresponding cross sections for excitation/ionization the excitation does not generally probe the ionization as is usually assumed.
Introduction
Capacitively coupled radio frequency (CCRF) discharges are frequently used for etching and deposition processes in the semiconductor industry [1] . In particular, dual-frequency CCRF discharges have become more important during recent years, since they allow separate control of ion flux and energy [2] [3] [4] [5] [6] . Such separate control is essential for applications, since the ion flux determines the throughput of a given process and the ion energy controls the etching and deposition processes at the wafer's surface.
Separate control of ion flux and energy in dual-frequency CCRF discharges can be achieved in two ways.
One option is the operation of the discharge at two substantially different frequencies (typically 2 and 27 MHz) with a low frequency (lf) voltage amplitude that is much higher than the high frequency (hf) voltage amplitude. Under such conditions the ion flux is assumed to be controlled mainly by the hf component, since electron heating is more efficient at high frequencies. The ion energy is assumed to be controlled mainly by the lf component, since the lf voltage amplitude is much higher than the hf voltage amplitude [2] [3] [4] [5] [6] . However, recent investigations have shown that under such conditions the separate control might be limited due to the coupling of both frequencies [7] [8] [9] [10] [11] .
Another way to achieve separate control of ion flux and energy in dual-frequency CCRF discharges is based on the newly discovered electrical asymmetry effect (EAE) [12] [13] [14] . If the voltage waveform applied to a CCRF discharge contains an even harmonic of its fundamental frequency, the two sheaths will not be electrically symmetric. In order to balance electron and ion fluxes at each electrode a dc self-bias develops. The self-bias and, consequently, the ion energy can be controlled by tuning the phase between the two applied RF voltages. At the same time the ion flux remains constant, while the phase is changed, since the voltage amplitude is kept constant. This technique works in geometrically symmetric as well as asymmetric discharges and is maximized by using the second harmonic of the fundamental frequency, e.g. 13 .56 and 27.12 MHz.
Electron heating in single-frequency CCRF discharges has been investigated for many years and a long list of records exists . It was found that single-frequency CCRF discharges can be operated in different heating modes depending on the discharge conditions [35] . At low pressures single-frequency discharges are usually operated in α-mode. In α-mode excitation and ionization dynamics are dominated by beamlike highly energetic electrons accelerated by the expanding sheaths [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . Electric field reversals at the phase of sheath collapse are found to contribute to electron heating [19, 24-26, 28, 31, 36-38] . At high pressures, high RF voltages and electrode materials with high secondary electron emission coefficients such discharges operate in γ -mode. In γ -mode excitation and ionization dynamics are dominated by secondary electrons [22, 27, 34, 35] .
However, in the case of dual-frequency CCRF discharges only a few investigations of electron heating exist, which are restricted to particular conditions [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Among these, phase resolved optical emission spectroscopy (PROES) has provided valuable insights into electron heating [10, 11] . Recently, the importance of secondary electrons in dual-frequency CCRF discharges was pointed out by Turner [42] . However, the existence of different modes of electron heating and the role and nature of the frequency coupling in the respective modes have not been investigated yet.
The understanding of these fundamental phenomena is essential for the optimization of industrial applications using dual-frequency discharges. Therefore, in this work a systematic investigation of electron heating and frequency coupling in dual-frequency discharges is performed. Using a PIC simulation of a geometrically symmetric helium discharge and comparisons with experimentally obtained spatiotemporal excitation profiles [10, 11] the nature of the frequency coupling is understood.
Simulations of geometrically symmetric helium and argon discharges show several different heating modes depending on the choice of pressure, gas and applied frequencies. Analogies and differences in α-and γ -mode operation of single-frequency discharges are pointed out.
The paper is structured in the following way: in section 2 the particle-in-cell (PIC) simulation used for the investigation of electron heating is briefly described. In section 3 the results are presented. This section is divided into four parts. First, the nature of the frequency coupling in dual-frequency CCRF discharges operated at substantially different frequencies is explained via a comparison of simulation and experimental results. Furthermore, the observed temporal modulation of the ion density in the sheath region in light gases is explained using a simple analytical model. Second, the role of secondary electrons at intermediate pressures is investigated. Third, γ -mode operation at high pressures is discussed and, fourth, excitation dynamics under different discharge conditions is discussed. In section 4 conclusions are drawn.
PIC simulation
The dual-frequency discharges studied here are described by a one-dimensional (1d3v) bounded plasma PIC model, complemented with Monte Carlo treatment of collision processes (PIC/MCC). The electrodes are assumed to be infinite, planar and parallel. Only geometrically symmetric discharges are investigated. Two different kinds of dualfrequency discharges are investigated: discharges operated at significantly different frequencies of 1.937 and 27.118 MHz and discharges operated at similar frequencies of 13.56 and 27.12 MHz. In the case of substantially different frequencies one of the electrodes is driven by a voltage
while the other electrode is grounded [43] . The two excitation voltages are locked in phase, as was done in the experiments.
In the case of similar frequencies one of the electrodes is driven by a voltage
where f = 13.56 MHz and is a variable phase angle between the applied voltage waveforms. In both cases secondary electrons emitted from the electrode surfaces by ion bombardment and electron reflection at the electrodes are taken into account. Details of the simulation technique can be found elsewhere [31, 43] .
Results

Frequency coupling in dual-frequency CCRF discharges
In this section the nature of the frequency coupling in dual-frequency CCRF discharges operated at substantially different frequencies is investigated and its relation to the time modulated ion density profile in the sheath is quantified. Comparisons of the resulting spatio-temporal excitation profiles with an experiment (PROES) operated under similar, but not identical, conditions are made.
In order to investigate the frequency coupling in detail a PIC simulation under conditions similar to an experiment [10, 11, 31] is performed. For simplicity, helium has been chosen as a model gas, since it is the main constituent of the experimentally used gas mixture. The applied frequencies are 1.937 and 27.118 MHz and the electrode gap is 12 mm. The applied low and high frequency voltages are V lf = 800 V and V hf = 550 V, respectively. A gas pressure of 65 Pa, a gas temperature of 400 K, a secondary electron emission coefficient of γ = 0.45 [44] and an electron reflection coefficient of α = 0.2 are used as input parameters. The left plot in figure 1 shows the total spatio-temporal excitation rate as it results from the PIC simulation. The spatio-temporal excitation profile is complex and a strong coupling of both frequencies is obvious [10, 11, 31] .
The right plot of figure 1 shows a spatio-temporal profile of the experimentally determined excitation into the Ne 2p 1 state in a symmetric, industrial, dual-frequency CCRF discharge (Lam Exelan) operated at 65 Pa (same as in the simulation) in He (72%)-O 2 (19%) with a small neon admixture (9%) [11, 31] . In the experiment the applied RF voltage waveforms are also fixed in frequency at 1.937 and 27.118 MHz with a common phase reference (f hf = 14f lf ). The gap between the electrodes is also 12 mm and the electrode radius is 110 mm. The discharge is operated at P hf = 800 W and P lf = 200 W. A detailed description of these experimental results can be found elsewhere [11, 31] .
Good qualitative agreement between experiment and simulation is found. In the experiment the processing gases are different from those in the simulation. In particular, oxygen ions, which might play an important role in the experiment, are not taken into account in the simulation. The total helium excitation rate (simulation) is compared with the excitation rate into a specific neon energy level (experiment). Although the corresponding cross sections are not the same, their shapes are still sufficiently similar to justify this comparison [45, 46] . Certainly the claim of this comparison cannot be a quantitative reproduction of details of the experimentally observed excitation profiles. Nevertheless, the gross spatio-temporal structure of the measured excitation is qualitatively reproduced well by the simulation taking into account only helium gas. The excitation dynamics seems to be dominated by processes generally typical for dualfrequency CCRF discharges operated at substantially different frequencies. These processes will be discussed in detail in this paper based on simulation results. Figure 2 shows two different temporal sections of the left plot of figure 1, one during the first half of one lf period (70-180 ns) and the other during the second half (310-430 ns). Similar results have been obtained experimentally [47] . The excitation maxima are tilted to the right during the first half, whereas they are tilted to the left during the second half. In analogy to the results of PIC simulations in single-frequency CCRF discharges performed by Vender and Boswell [20] and Wood [21] and experimental investigations using PROES [29] [30] [31] [32] [33] the tilt of the excitation maxima is a consequence of a retardation caused by beams of highly energetic electrons generated by the expanding sheath. Obviously, electron beams are generated by the expanding sheath at the bottom electrode during the first half of one lf RF period and at the top electrode during the second half. Here, the term highly energetic directed electrons is understood as an anisotropic electron velocity distribution with a strong drift component in (or near) the direction of the discharge axis. If the propagation velocity of such electron beams is lower than the thermal velocity, the velocity obtained from the tilt of the observed excitation maxima will correspond to the threshold energy of the observed excitation. If the propagation velocity of the beam is higher than the thermal velocity, the velocity obtained from the tilt will be higher than the velocity corresponding to the threshold for excitation. Here the tilt of the arrows in figure 2 yields a velocity of about 2.5 × 10 6 m s −1 (corresponding to approximately 20 eV energy). This agrees fairly well with the threshold energy for excitation used in the simulation. This result is also in good agreement with a previous detailed experimental analysis under similar discharge conditions [11] .
The question why electron beams are only generated at a given electrode during distinct phases of one lf RF period is closely related to the frequency coupling. Figure 3 shows the ion density space and phase resolved in front of the bottom powered electrode as it results from the simulation. The oscillation of the sheath width s (solid black line) is also shown. The sheath width is calculated by the following criterion introduced by Brinkmann [48] :
where d is the electrode gap. In dual-frequency CCRF discharges the sheath can be considered to be a superposition of lf and hf components. In this picture the hf sheath oscillates around the position of the lf sheath edge. The total sheath oscillation is the sum of lf and hf oscillations. Under the conditions investigated here, the velocity of the total sheath oscillation is dominated by the hf component (f hf = 14f lf ). However, the spatial position of the hf sheath oscillation is determined by the lf voltage. In CCRF discharges the ion density is high in the plasma bulk and decreases monotonically towards the electrode due to flux continuity. The sheath width s is a function of the ion density. At a given sheath voltage the sheath width is big, if the ion density at the position of sheath oscillation is low. As the ion density decreases towards the electrode, the lf sheath voltage component determines the local ion density at the position of hf sheath oscillation (lf sheath edge). Consequently, it determines the amplitude of the hf sheath oscillation at a given hf sheath voltage via controlling the position of the lf sheath edge.
Due to the coupling of both frequencies the hf sheath oscillates in a region of low ion density during lf sheath collapse. Therefore, maximum excitation is observed during the period of lf sheath collapse at phases of hf sheath expansion (figure 1). Due to the high γ value of 0.45 and the relatively high pressure, secondary electrons also contribute to the excitation. They mainly cause a modulation of the excitation with twice the lf. The modulation by the hf component is low if the hf voltage amplitude is smaller than the lf voltage amplitude. The contribution of secondary electrons to the excitation is maximum at phases of maximum sheath voltage at either side. Due to the superposition of excitation caused by secondary electrons and electrons accelerated by the expanding sheath maximum excitation is not observed at the phase of absolute fastest sheath expansion velocity (see figures 1 and 3), but slightly later. The influence of secondary electrons on the excitation/ionization will be discussed in detail later. Figure 3 shows that the ion density in the sheath is time modulated under the conditions investigated here. It is modulated with the low as well as with the high frequency. The modulation of the ion density with the hf is most pronounced during the second half of one lf RF period, when the lf sheath is expanded. This temporal modulation is a consequence of the choice of a light gas (helium) and the high ion density. For a typical ion density in the sheath n i,s = 4 × 10 16 m −3 the local ion plasma frequency in the sheath is f pi,s = 1 2π
MHz. This is comparable to the applied hf. Therefore, the ions can react even to potential changes induced by the hf component. If a heavier gas is used and if the ion density in the sheath remains the same, the ions will react more slowly to potential changes in the sheath. However, the local ion plasma frequency depends only on m −1/2 . For oxygen ions, which might play an important role in the experiment (7)). Right: contribution of the first and second terms in equation (7) to the temporal modulation of the ion density 0.15 cm in front of the bottom electrode and the sum of the two terms. discussed above, ω pi,s will be reduced by a factor of less than 3. Therefore, the ion density will probably not be modulated by the hf (27 MHz), but still by the lf (2 MHz). The case of an even heavier gas (argon) is discussed explicitly in section 3.4 (see figure 9) .
The temporal modulation of the ion density in the sheath can be described quantitatively by a simple analytical model based on the continuity equation, the Poisson equation and an equation describing the ion motion in the sheath:
Equation (4) is the one-dimensional continuity equation, where n i is the ion density and u i is the ion velocity. Ionization in the sheath is neglected (see figure 1) . Equation (5) is the one-dimensional Poisson equation [49] , where E is the electric field, e the elementary charge and ε 0 the dielectric constant. Here n e = 0 is assumed in the sheath. Equation (6) describes the ion motion in the sheath. It is based on the assumption that ion inertia can be neglected and the ion velocity adjusts itself instantaneously to the electric field. The square root relation applies only at sufficiently high E/p, which is fulfilled well within the sheath [50] . Neglect of the ion inertia terms is justified at a sufficiently high collision rate (pressure) and slow field changes. A rough estimation shows that these conditions are fulfilled marginally here. However, as shown below, applying this simplification still captures the major physics involved. For helium c ≈ 56 (kg mC) −1/2 [50] . As the applicability of equations (4)- (6) is limited to the sheath region, this model is valid only inside the sheath (about 270-500 ns, z < s, see figure 3 ). Combining equations (4)- (6) the following expression for the temporal modulation of the ion density in the sheath is derived:
Based on flux continuity and the electrostatic approximation [49] the electric field is expressed by the sheath potential U in dependence on z, where z is the distance from the electrode:
Equation (8) is based on the assumption of a quasi-static ion density and a constant sheath width. Both are, of course, not exactly true. The electric field resulting from equation (8) agrees well with the electric field resulting directly from the simulation inside the sheath during the second half of one lf RF period.
The left plot in figure 4 shows a comparison between the modulation of the ion density 0.15 cm in front of the bottom electrode during the second half of one lf RF period as it results from the PIC simulation (black solid line) and from the analytical model (red dashed line, equation (7)). For this comparison the ion density and the electric field directly resulting from the simulation are used as input parameters in equation (7) . Equation (8) Using this analytical model the physical mechanisms leading to the strong hf modulations of the ion density only during the second half of one lf RF period are understood, since the contributions of the individual terms in equation (7) can be distinguished. The right plot in figure 4 shows these contributions for a given position in the sheath. Obviously, both terms are out of phase and have different signs. The ion density increases with time if the absolute value of the ion velocity and the gradient of the ion density are high. It decreases if the ion density and the gradient of the ion velocity are high.
If equation (8) is used to determine the electric field from the sheath potential assuming a constant sheath width and if temporally constant ion density and ion density gradient in equation (7) are assumed, the effect of the temporal modulation of the ion velocity and its spatial gradient caused by the modulated sheath potential on the temporal modulation of the ion density can be demonstrated. The modulation of the sheath potential is high only during the second half of one lf RF period. Under these assumptions the modulation of the sheath potential yields a similar modulation of the ion density as observed in figure 4 , since it affects the two terms in equation (7) inversely. However, the amplitude of the modulation under these assumptions is only about 50% of the amplitude observed in figure 4 . The remaining part is caused by the temporal modulation of the ion density and its spatial gradient. However, the modulation of the ion velocity and its spatial gradient caused by the modulated sheath potential have a strong impact on the modulation of the ion density.
During the first half of one lf RF period the modulation of the sheath potential is much lower and the sheath is collapsed completely during about 50% of the first half. Therefore, the ion density is less time modulated during this half period.
The frequency coupling also affects the excitation dynamics during phases of simultaneous lf and hf sheath collapse.
At these phases a localized reversal of the electric field at the sheath edge is observed in the simulation ( figure 5 [31] ). An analytical model shows that the field reversal is caused by a combination of electron inertia and collisions of electrons with the neutral background gas [31] . Both mechanisms hinder electrons from following the fast collapsing sheath by diffusion and from filling up the ion matrix. Therefore, a reversed field builds up, which accelerates electrons towards the electrode in order to ensure flux compensation of electrons and ions. Electrons accelerated by the reversed field gain energy and cause additional excitation. This additional excitation is observed experimentally as well as in the simulation [31] .
The observed spatio-temporal excitation profile (figure 1) is a superposition of excitation caused by relatively low energetic beam electrons accelerated by the expanding sheath and the field reversal during sheath collapse and highly energetic secondary electrons.
Secondary electrons
In this section the contribution of secondary electrons to the excitation at an intermediate pressure is discussed qualitatively. In order to identify the influence of secondary electrons on the excitation a PIC simulation of an argon discharge operated at 65 Pa is performed with and without taking secondary electrons into account. V lf = 500 V, V hf = 220 V, T g = 600 K, γ = 0.1 and α = 0 are used as input parameters for the simulation taking into account secondary electrons. V lf = 500 V, V hf = 710 V, T g = 600 K, γ = 0 and α = 0 are used for the simulation neglecting secondary electrons. Figure 6 shows the result of these two simulations in terms of spatio-temporal plots of the excitation. In both cases the excitation is modulated by the hf. Therefore, these maxima are clearly not caused by secondary electrons, but by the expanding sheath. However, secondary electrons cause a modulation of the excitation by twice the lf. Figure 6 clearly shows this effect. Without secondary electrons (right plot) there is no such modulation. Secondary electrons are produced at the electrode surface by ion bombardment and are accelerated into the plasma bulk by the sheath potential. They can be multiplied through collisions, if the mean free path is shorter than the sheath width. Therefore, secondary electrons contribute to the excitation at phases of high sheath potential. The sheath potential is dominated by the lf component and is maximum at each electrode once per lf RF period. The phases of maximum sheath potential at each electrode are 
180
• phase shifted. Therefore, secondary electrons originating from the top electrode contribute to the excitation during the first half of one lf RF period (70-200 ns). During the second half (330-460 ns) secondary electrons originating from the bottom electrode contribute to the excitation. In between the contribution of secondary electrons is lower causing a modulation of the excitation with twice the lf. The hf component might lead to small hf modulations of the excitation due to secondary electrons, which cannot be identified in this case.
Under these conditions and taking into account secondary electrons the discharge is operated in a hybrid mode. Both sheath expansion and secondary electrons contribute to the excitation dynamics. At lower pressures, the discharge is rather operated in α-mode and mostly sheath expansion and collapse (field reversal) contribute to the excitation. However, α-mode operation of dual-frequency discharges differs significantly from α-mode operation of single-frequency discharges, since the frequency coupling plays an important role.
Besides the frequency coupling described in the previous sections secondary electrons can also limit separate control of ion flux and ion energy in dual-frequency discharges operated at substantially different frequencies. If secondary electrons play an important role, the lf component will contribute significantly to ionization, since it dominates the sheath potential under conditions typical for industrial applications.
γ -mode operation
With increasing pressure the mean free path for electrons decreases. At 65 Pa (see figure 1 ) the mean free path for highly energetic electrons (E > 40 eV) in helium is about 4.3 mm [51] . The maximum sheath width under these conditions is about 3 mm (see figure 3) . Therefore, most of the secondary electrons leave the sheath without collision and, therefore, without multiplication. At a higher pressure of 120 Pa the mean free path is only 2.3 mm (V lf = 280 V, V hf = 140 V, T g = 400 K, γ = 0.45 and α = 0.2). This is similar to the sheath width under these conditions. Therefore, secondary electrons are multiplied in the sheath and the excitation/ionization is dominated by secondary electrons (see figure 7) . The modulation of the excitation due to secondary electrons by the hf component is significantly less pronounced than the modulation of the excitation by the hf caused by sheath expansion heating.
Another interesting phenomenon related to secondary electrons is observed in the simulation: in experiments only the excitation can be calculated from the measured space and time resolved plasma emission from a specifically chosen rare gas level (see figure 1) . However, in order to investigate mechanisms of plasma sustainment, the ionization needs to be known. In this context it is usually assumed in experiments that the excitation probes the ionization. Usually this assumption is true, since electrons that have enough energy to ionize, usually also excite. However, if secondary electrons play an important role, the situation can be different. Secondary electrons can be so energetic (up to several hundred electronvolts), that the cross section for ionization at these high energies is high, whereas the cross section for excitation is low [52] . The left plot in figure 6 and figure 8 show an example for such a scenario in argon. Under these conditions the mean energy of electrons causing excitation is about 30 eV and the mean energy of electrons causing ionization is about 90 eV. These values are obtained from a statistical analysis of the simulation data. At 90 eV the cross section for ionization is high and the cross section for excitation is low. At 30 eV the cross section for excitation is maximum. Therefore, in contrast to usual assumptions, the excitation does not probe the ionization under these conditions. The excitation is dominated by electrons accelerated by the expanding sheath and the ionization is dominated by secondary electrons.
Excitation dynamics under different discharge conditions
In this section excitation dynamics in different gases, at different pressures and frequencies is discussed. Figure 9 shows spatio-temporal plots of the excitation and ion density for three different sets of conditions. The first scenario corresponds to the argon discharge operated at 1.937 and 27.118 MHz and 65 Pa, which was introduced in section 3.2. The second scenario (helium, 65 Pa, 1.937 and 27.118 MHz) is the same as discussed in section 3.1. The third scenario corresponds to an argon discharge operated at 10 Pa, 13.56 and 27.12 MHz, 2 cm electrode gap, V 0 = 300 V, γ = 0.1 and α = 0.2.
The vertical dashed lines in figure 9 mark the phase of strongest excitation. Under each set of conditions maximum excitation is observed at different phases within one lf RF period indicating different excitation dynamics. In an argon discharge operated at 65 Pa and substantially different frequencies maximum excitation at the bottom electrode is observed at about 200 ns (T /T lf ≈ 0.39). As the argon ions are much heavier than the helium ions, the ion density close to the bottom electrode is hardly time modulated. Maximum excitation is observed at phases of fastest sheath expansion. Due to the frequency coupling the fastest sheath expansion takes place when the hf sheath oscillates in regions of low ion density.
In a helium discharge operated at 65 Pa and substantially different frequencies (1.937 + 27.118 MHz) the ion density at the electrode is minimum during the lf sheath collapse, since the light helium ions can follow the slow modulation of the lf sheath potential. Secondary electrons contribute significantly to the excitation in the entire plasma bulk at phases of maximum sheath potential at either electrode. Thus, the spatiotemporal excitation profile is a superposition of excitation caused by secondary electrons and excitation caused by beam electrons accelerated by the expanding (and collapsing) sheath.
If the discharge is operated at substantially different frequencies the hf sheath expansion velocity is generally much higher than the lf sheath expansion velocity (dV hf /dt dV lf /dt). Therefore, excitation is dominated by the hf component and the lf component mainly contributes indirectly via the frequency coupling to the excitation, if secondary electrons can be neglected. At similar frequencies this is different. Figure 9 shows the excitation in an argon discharge operated at 13.56 and 27.12 MHz at 10 Pa. Here maximum excitation occurs at phases of simultaneous sheath expansion and both frequencies contribute directly to the excitation via similar contributions to the sheath expansion velocity. Under such conditions or generally if the voltage waveform applied to a CCRF discharge contains an even harmonic of its fundamental frequency, the two sheaths are not electrically symmetric. In order to balance electron and ion fluxes at each electrode a dc self-bias develops. The self-bias can be controlled by tuning the phase between the two applied RF voltages. At the same time the ion flux remains constant. Via this concept separate control of ion flux and energy can be achieved in an almost ideal way [12] [13] [14] . The electrical asymmetry of the discharge leads to asymmetric electron beam structures (see figure 9 ), although the discharge is geometrically symmetric.
Conclusions
Electron heating and excitation/ionization dynamics in dualfrequency CCRF discharges were investigated by a PIC simulation and the results were compared with measurements of the space and time resolved excitation using PROES.
A strong coupling of both frequencies has been observed if the discharge is operated at substantially different frequencies. The momentary lf sheath voltage determines the position of the hf sheath oscillation. As the ion density decreases towards the electrode, this coupling mechanism determines the momentary sheath expansion velocity. Maximum excitation/ionization has been observed at phases when the hf sheath oscillates in regions of low ion density in front of the electrode. This is the nature of frequency coupling. If sheath expansion heating dominates the excitation/ionization dynamics, this coupling mechanism will affect the excitation/ionization significantly and might limit separate control of ion flux and ion energy. Electric field reversals during phases of simultaneous sheath collapse can also contribute to the excitation. With increasing pressure, at high sheath voltages and if electrode materials with high γ values are used, secondary electrons become more important and can affect the excitation/ionization significantly. If the sheath voltage is dominated by the lf component, secondary electrons mainly lead to a modulation of the excitation with twice the lf.
At intermediate pressures the discharge can be operated in a hybrid mode. Secondary electrons as well as sheath expansion heating contribute to excitation/ionization. At high pressures, if the electron mean free path is smaller than the sheath width, secondary electrons are multiplied in the sheath and the discharge is operated in γ -mode. Excitation/ionization are dominated by secondary electrons. If secondary electrons dominate the ionization, separate control of ion flux and energy is expected to be limited, since ionization by secondary electrons is determined mainly by the lf voltage.
At particular conditions ionization was found to be dominated by secondary electrons, whereas excitation is dominated by sheath expansion heating. This phenomenon is related to the shape of the cross sections for excitation and ionization, respectively. It might be relevant to experimental investigations using PROES, since it shows that the ionization is not always probed by the excitation as is usually assumed.
If the discharge is operated at significantly different frequencies, the hf component generally dominates the excitation/ionization dynamics and the lf component only contributes indirectly via the frequency coupling or, at high pressures, via the generation of secondary electrons.
The choice of the gas affects the spatio-temporal ion density profiles. If light gases such as helium are used and if the ion densities are high, the ion density in front of each electrode is modulated with the low and even with the hf. These temporal modulations are well reproduced by an analytical model. Via the frequency coupling this temporal modulation can affect the excitation/ionization dynamics.
If similar frequencies are used and if the ion density is not time modulated, the sheath expansion velocities of lf and hf sheaths are similar and the lf component contributes directly to the excitation/ionization. Therefore, maximum excitation is observed at phases of simultaneous sheath expansion.
